Mega-electron-volt (MeV) electron emission from the interaction of an ultrafast ( ϳ 29 fs), intense (Ͼ10 18 W/cm 2 ) laser pulse with underdense plasmas has been studied. A beam of MeV electrons with a divergence angle as small as 1°is observed in the forward direction, which is correlated with relativistic filamentation of the laser pulse in plasmas. A novel net-energy-gain mechanism is proposed for electron acceleration resulting from the relativistic filamentation and beam breakup. These results suggest an approach for generating a beam of femtosecond, MeV electrons at a kilohertz repetition rate with a compact ultrafast intense laser system.
INTRODUCTION
The development of high-intensity lasers has made it possible to study extreme physics on a tabletop. Among the studies, the generation of mega-electron-volt (MeV) electrons by high-intensity laser pulses is of fundamental interest, relevant to relativistic nonlinear optics, laser based accelerators, laser-induced nuclear processes, and the ICF (inertial confinement fusion) fast ignition scheme. 1 An ultrafast, MeV electron beam can also be applied in ultrafast electron diffraction, generation of ultrafast x and ␥ rays, and as a photocathode electron gun of high brightness. [2] [3] [4] MeV electrons have been observed in a number of highintensity interaction experiments with 150-fs to 1-ps laser pulses. 5 Compared with a plasma oscillation period p ϭ 2(⑀ 0 m/n e e 2 ) 1/2 (where m is the electron mass and n e is the plasma electron density), the laser pulse durations were long. In the interactions there were at least several plasma oscillation periods in the laser pulse envelope or there was a greater gradient of the laser field in the transverse direction than in the propagation direction of the laser pulse. Though various acceleration mechanisms have been invoked in interpretation of the energetic electrons, such as plasma wave acceleration, ponderomotive laser acceleration, and direct laser acceleration, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] the net energy gain of the accelerated electrons is still a subject of research because of the complexity of the interactions and possible synergetic action of various mechanisms.
With a shorter laser pulse whose pulse width is close to the plasma oscillation period, the interaction physics may change a lot, which will in turn affect the generation of MeV electrons. However, studies of MeV electron generation at shorter pulse durations have been few, owing to the difficulty of producing high-intensity pulses with such short durations. Only recently, with the advent of ultrafast, high-intensity lasers, have there been a few experiments on the generation of MeV electrons. [17] [18] [19] Despite these results, further studies are necessary, especially of the interaction physics of such an ultrafast laser pulse with matter and possible new approaches to MeV electron generation. In this paper we present our studies on the MeV electron emission driven by an ultrafast intense laser pulse in a regime in which the laser pulse's longitudinal spatial extent is close to or shorter than both the focal spot size and the plasma oscillation wavelength. A beam of MeV electrons is generated, and the electron emission is discovered to be strongly correlated to relativistic filamentation of the laser pulse in underdense plasmas. A new net-energy-gain mechanism is proposed for interpreting the origin of the MeV electrons through the laser intensity decrease that is due to relativ-istic filamentation and beam breakup. These results suggest an approach for generating a beam of MeV electrons at a kilohertz (kHz) repetition rate with a compact kHz laser system. 20 
EXPERIMENT
The experiments were performed with a tabletop, multiterawatt, ultrafast Ti:sapphire laser system that delivered 29-fs pulses at 810 nm with repetition rate of 10 Hz. 17, 21 The intensity contrast was measured as ϳ10
Ϫ5
on the nanosecond scale. High-dynamic-range pulse width measurements (Fig. 1) showed that the laser pulse shape was well approximated by a superposition of two Gaussian temporal profiles, one having ϭ 28.4 fs full width at half-maximum (FWHM) and the other having ϭ 110 fs FWHM. The laser pulse contained 93% of the laser energy in the range from the pulse peak to Ϯ38 fs, beyond which there were wings, extending to Ϯ200 fs, with less than 7% of the laser energy. The wings were due to incomplete compensation by the grating compressor, resulting in an intensity contrast better than 10 Ϫ5 at Ϯ200 fs.
The horizontally linear-polarized, 4-cmdiameter laser beam was focused with an f/4.5, 45°off-axis parabolic mirror onto a supersonic gas jet. The vacuum spot size (see Fig. 2 ) was r 0 ϭ 8 m (radius in 1/e 2 intensity), containing 50% of the laser energy. For incident laser power P ϭ 6 TW, this led to peak intensity I ϭ 3 ϫ 10 18 W/cm 2 or a 0 ϭ 1.2 (a 0 is the laser strength parameter, given by 8.5 ϫ 10 Ϫ10 ͓m͔I 1/2 ͓W/cm 2 ͔). The supersonic gas jet, which forms a 750-m-diameter, sharp-edged flat-top-profile gas plume, was backed by N 2 or H 2 to produce the required plasma electron density 22 up to 10 20 cm Ϫ3 , or n e ϭ 0.06n c (where n e is the plasma electron density and n c is the critical density, which for 810 nm equals 1.7 ϫ 10 21 cm Ϫ3 ). The plasma density was calibrated with Raman backscatter by a long pulse at low intensity (ϳ10 17 Thus ionization-induced defocusing should not be significant.
Unlike previous long-pulse experiments in which relativistic self-focusing and Raman scattering were usually observed, 24, 25 under the present experimental conditions we found that Raman scattering was not significant, and we observed clearly relativistic filamentation, which, when the incident laser power was greater than some value, caused beam breakup by scattering the laser beam out of the vacuum propagation angle. When the incident laser power P Ϸ P c , where P c is the power threshold for relativistic self-focusing, relativistic filamentation began to grow; when P у 5P c , the laser beam's scattering was evident. 17 The observed relativistic filamentation and beam breakup are shown in Fig. 2 . The apparent size of these filaments is 4-5 m (see the image with n e ϭ 0.035n c ), close to the resolution limit of the imaging High-dynamic-range pulse measurement with a frequency-resolved optical gating (FROG) technique. Dashed curve, experimentally measured result; solid line curve, fitted profile, which is the superposition of two separate Gaussian temporal profiles (dotted curves) of 28.4 and 110 fs FWHM. system that was used in the measurement. 17 Note that the filament size is smaller than the vacuum spot size (9 m FWHM) of the laser beam.
MeV ELECTRON EMISSION
Along with the growth of relativistic filamentation, MeV electrons were observed to be emitted in the forward direction. A plastic scintillator coupled to a photomultiplier tube (S-PMT, which was calibrated with a radioactive source), read out by an oscilloscope, was placed outside the vacuum chamber window of enhanced Mylar foil, to record, in the forward direction, the number of electrons. As is shown in Fig. 3 , the S-PMT measurement for the MeV electrons exhibits two features: (i) for P Ϸ 6 TW, the electron signal first appears at n e ϭ 0.015n c , which corresponds to / p ϭ 1.32, and increases with increasing plasma density. There is no electron signal at lower plasma densities. Note that at this density there was an evident reduction of the transmitted laser light. 17 (ii) For n e ϭ 0.06n c , the electron signal first appears at laser power P Ϸ 2 TW and increases with increasing laser power. For either density, electrons are generated only when the incident laser power P у 5P c . These observations indicate a strong correlation between relativistic filamentation and the MeV electron emission.
A scintillator screen (Lanex) imaged by a 16-bit CCD was placed in the forward direction of the laser beam to provide the angular distribution of the electron beam. 25 The Lanex measurement shows that the electrons are emitted as a collimated beam in the forward direction. The full angular spread of the beam is ϳ15°. However, there is a main beam component of the whole beam, as shown in Fig. 4 , that has a divergence angle of only 1°F WHM. In combination with the S-PMT measurement, we estimate that for n e ϭ 0.06n c the number of electrons with kinetic energies above 1 MeV is ϳ10 5 and that the number of electrons in the main beam component is ϳ5 ϫ 10 4 . Note that the number of electrons is smaller than in previous measurements with a longer laser pulse.
14,24,26 Since we have not seen evidence of wholebeam optical guiding, which has previously been found to be correlated with a decrease in the divergence of electron beam, 25 it appears that these electrons in the main beam are generated from other process (discussed below).
The energy spectrum of the electrons, passing through a 2.4°aperture collimator in the direct forward, was measured with a magnetic spectrometer. The result is shown in Fig. 5(a) , which is an average of a number of shots with similar laser and plasma conditions. At low electron kinetic energy, the number is underestimated because of the nonlinear dispersion of the spectrometer. It is found that the number of electrons versus energy fits an expo- nential decay dN/dE ϰ exp(ϪE/T e ), with temperature T e ϭ 1.1 MeV.
When such electrons impinge upon a material, ␥ and x radiation will be generated from the bremsstrahlung radiation and secondary scattering processes. Using lead as the material, we measured the generated radiations with an S-PMT placed behind lead bricks, in the forward direction of the electron beam. By changing the thickness of the lead bricks, we found that the radiation could penetrate more than 15 cm of lead. The result is shown in Fig. 5(b) .
DYNAMICS OF NET ENERGY GAIN DUE TO RELATIVISTIC FILAMENTATION
Besides other net-energy-gain mechanisms of electron acceleration, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] for an ultrafast laser pulse undergoing relativistic filamentation and beam breakup, free electrons accelerated in the laser field could obtain a significant amount of energy by a specific net-energy-gain mechanism that originates from longitudinal ponderomotive laser acceleration. 27 The physics picture is that, when starting from some position along the direction of propagation, the field intensity of an ultrafast, intense laser pulse decreases rapidly; electrons leaving the pulse experience the action of pondermotive deceleration at the descending part of the pulse with lower intensity rather than acceleration at the ascending part of the pulse with high intensity and thus gain net energy from the pulse and move in the forward direction.
In the following we use a test particle model for further analyses. The laser is linearly polarized. Its intensity decrease along the propagation direction that is due to beam breakup is modeled by our introducing an attenuation coefficient, and the normalized vector potential of the laser field is assumed to be 27 a ϭ a 0 sin
a 0 is the laser strength parameter; ␣ is the attenuation coefficient; , k, and C are the angular frequency, wave vector, and velocity of the light in vacuum, respectively. The laser pulse has a sine-square temporal profile for its field, and its pulse width ϭ 1.14t 0 . The vector potential A is related to a by A ϵ (mC/e)a, in which m and e are the electron's mass and elementary charge, separately. The electric field and the magnetic field of the laser pulse are calculated with the Maxwell equations, E ϭ Ϫ‫ץ‬A/‫ץ‬t and B ϭ ٌ ϫ A. An electron's motion under the laser's electromagnetic field is governed by relativistic motion equations:
in which V is the electron's speed and ␥ is the relativistic factor, given by
. By inserting E and B and solving the two equations numerically, one can obtain the electron's trajectory, momentum, and kinetic energy separately. Suppose that the interaction region z ranges from 0 to 100 m, in which there exist free electrons that are at rest before the laser pulse arrives. The laser pulse, whose central wavelength is assumed to be 800 nm, propagates with a constant peak intensity along the z axis from the outside into this region, and at the position z ϭ z 0 ϭ 50 m the laser field intensity begins to decrease.
A typical result is shown in Fig. 6 , which gives the final velocities of electrons, initially located at different positions along the z axis, after the laser pulse traverses them. The laser pulse has a pulse width of 30 fs FWHM. It turns out that when the intensity of the laser pulse decreases significantly over a short distance, some electrons, being accelerated by the laser field, can gain net energy after the pulse overtakes them. Moreover, it is found from the calculations that these net-energy-gain electrons are emitted directly forward along the direction of the laser pulse's propagation. Figure 6 also shows that only the electrons initially in a limited region can gain net energy after the laser pulse overtakes them. Outside this region electrons cannot gain net energy. The detailed dynamics is shown in Fig.   Fig. 6 . Final velocities V/C of the electrons, after the laser pulse traverses them, as a function of their initial positions z. The laser pulse propagates along the z axis (from left to right in the plot) and its pulse width is 30 fs in FWHM. The laser's intensity begins to decrease from the position z ϭ 50 m with an attenuation coefficient ␣ ϭ 0.5 m Ϫ1 . The laser strength parameters are a 0 ϭ 1, 2, 3. 7, which gives a comparison of the relativistic factor, ␥, as a function of the longitudinal positions z for two representative electrons, initially located at two positions. One represents electrons that cannot gain net energy after the laser pulse traverses them, the other represents electrons that can. The first electron (without energy gain) experiences the well-known two equal but opposite processes of acceleration and deceleration. 28, 29 At the ascending part of the laser pulse, the electron is accelerated and obtains kinetic energy from the laser field. At the descending part of the pulse, it is decelerated and returns an equal amount of the energy to the laser field. Thus the electron obtains zero energy gain after the laser pulse traverses it. The second electron (with energy gain) is accelerated and obtains kinetic energy, like the first one, at the ascending part of the laser pulse. But at the descending-part of the pulse the electron, while moving into the field-intensity-decreasing region, is decelerated by a laser field of lower intensity than in the ascending part because the intensity is decreasing. The net effect is that the electron returns less of the kinetic energy to the laser field during deceleration. As a result, the electron retains an amount of kinetic energy and is emitted forward after the laser pulse traverses it.
As electrons in only a limited region can obtain net energy gain during the acceleration, these electrons, as a pulsed beam, are of a bunch length of the order of femtoseconds (where bunch length is an electron beam's longitudinal spatial extent divided by the velocity of light). In Fig. 6 it is shown that for a 0 ϭ 3, i.e., a laser peak intensity corresponding to 2 ϫ 10 19 W/cm 2 , this limited region corresponds to a bunch length of 90 fs for the electron beam. Experimentally, if free electrons are initially confined in a narrower region, with a thin film target for example, the bunch length of the accelerated electron beam may be shorter.
Further calculations indicate that with the present netenergy-gain mechanism the maximum energy gain of the electrons scales with the laser strength parameter a 0 as a 0 2 , in which is larger if the laser pulse is shorter and its intensity decreases faster. For the model calculations (␣ ϭ 0.5 m Ϫ1 ) ϭ 0.43.
DISCUSSIONS AND CONCLUSIONS
Previous theories and simulations have shown that electrons accelerated in a relativistic laser channel or a filament could have high energies and small angular spreads. 15, 30, 31 For the present experimental studies, since a correlation between MeV electron emissions and relativistic filamentation and beam breakup has been observed, it appears that the MeV electrons are emitted because of beam breakup following the relativistic filamentation. Therefore the net energy gain discussed in Section 4 should contribute to the generation of the MeV electrons. On the other hand, particle-in-cell simulations indicate that under the experimental conditions plasma waves can be excited by the laser pulse before breakup, and thus some electrons may be trapped and further accelerated by a plasma wakefield. 32 However, if the net energy gain discussed above is dominant, then the measured kinetic energy (Ͼ3.7 MeV) of the MeV electrons [see Fig. 5(a) ] implies that in plasmas the laser beam could be focused to an intensity a 0 Ͼ 4, as deduced from Section 4.
The present work could be extended to a kHz laser system, for which 0.2 TW/20 fs output has been reported. 33 With a recently implemented technique for generating a near-diffraction-limited beam, 34 a 0.2-TW laser pulse could be focused to 10 19 W/cm 2 , which should be able to generate a beam of femtosecond, 1-MeV electrons directly by means of the net-energy-gain mechanism discussed above. Thus a femtosecond, MeV electron beam could be generated at a kHz repetition rate.
In conclusion, we have observed MeV electron emissions from relativistic filamentation and beam breakup of an ultrafast intense laser pulse. The electrons are emitted as a beam in the forward direction; the divergence of the electron beam is only 1°FWHM. A novel net-energygain mechanism from longitudinal ponderomotive laser acceleration has been proposed to explain the origin of the energetic electrons. These results, together with the netenergy-gain mechanism, could be extended to the generation of femtosecond, MeV electron beams at a kilohertz repetition rate with a compact kHz laser system. The generated electron beam may, as a seed, be further accelerated by plasma waves, or be applied either as a femtosecond injector for accelerators or as a beam for the generation of ultrafast radiation sources.
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